




A Review of Mutual Coupling in MIMO Systems
Chen, Xiaoming; Zhang, Shuai; Li, Qinlong
Published in:
IEEE Access







Publisher's PDF, also known as Version of record
Link to publication from Aalborg University
Citation for published version (APA):
Chen, X., Zhang, S., & Li, Q. (2018). A Review of Mutual Coupling in MIMO Systems. IEEE Access, 6, 24706 -
24719. https://doi.org/10.1109/ACCESS.2018.2830653
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            ? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            ? You may not further distribute the material or use it for any profit-making activity or commercial gain
            ? You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.
Downloaded from vbn.aau.dk on: August 24, 2021
 
VOLUME XX, 2017 1 
Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000. 
Digital Object Identifier 10.1109/ACCESS.2017.Doi Number 
A Review of Mutual Coupling in MIMO Systems  
Xiaoming Chen
1
, Member, IEEE, Shuai Zhang
2
, and Qinlong Li
3
 
1School of Electronic and Information Engineering, Xi’an Jiaotong University, Xi’an 710049, China  
2Antennas, Propagation and Radio Networking section at the Department of Electronic Systems, Aalborg University, Alborg 9220, 
Denmark  
3Department of Electrical and Electronic Engineering, University of Hong Kong, Pokfulam Road, Hong Kong 999077, China 
Corresponding author: Shuai Zhang (e-mail: sz@es.aau.dk). 
This work was supported in part by InnovationsFonden project of RANGE, and also partially supported by AAU Young Talent program.  
ABSTRACT This paper provides a systematic review of the mutual coupling in multiple-input multiple-
output (MIMO) systems, including effects on performances of MIMO systems and various decoupling 
techniques. The mutual coupling changes the antenna characteristics in an array and, therefore, degrades the 
system performance of the MIMO system and causes spectral regrowth. Although the system performance 
can be partially improved by calibrating out the mutual coupling in the digital domain, it is more effective 
to use decoupling techniques (from the antenna point) to overcome the mutual coupling effects. Some 
popular decoupling techniques for MIMO systems (especially for massive MIMO base station antennas) are 
also presented. 
INDEX TERMS Capacity, error rate, MIMO antennas, mutual coupling. 
I. INTRODUCTION 
Multiple-input multiple output (MIMO) techniques [1] are 
used ubiquitously in modern telecommunication systems, 
such as long-term evolution (LTE) and wireless local area 
network (WLAN). The massive MIMO system is believed 
to be a key enabler for the fifth-generation (5G) 
communications [2]-[4]. Due to the limited space and 
aesthetic reasons, compact MIMO antennas are required in 
mobile terminals as well as base stations (BS). As antenna 
elements are close to each other, (electromagnetic) mutual 
coupling between antenna elements becomes inevitable.  
    Mutual coupling in MIMO antennas arises due to free-
space radiations, surface currents, and surface waves. The 
former two are general for all types of arrays, whereas the 
last one is more common for microstrip antennas. The 
mutual coupling can seriously degrade the signal-to-
interference-noise ratio (SINR) of an adaptive array and the 
convergence of array signal processing algorithms [5], [6]. 
It can degrade the estimations of carrier frequency offset [7], 
channel estimation [8], and angle of arrival [9]. The adverse 
effect of mutual coupling on the active reflection 
coefficient [10] of a MIMO antenna cannot be 
underestimated. Due to the random phase excitations at 
antenna ports in MIMO transmission, the active voltage 
standing wave ratio (VSWR) can be as high as 6 (i.e., 
active reflection coefficient up to -2.92 dB) for 15-dB 
antenna isolation. Nevertheless, the worst active VSWR 
reduces to 2 if we increase the antenna isolation to 20 dB 
[11]. Multiple power amplifiers (PAs) in the presence of 
mutual coupling can cause significant out-of-band (OOB) 
emission [12], creating interferences to communication 
systems at adjacent channels. The effects of mutual 
coupling on error rate [13] and capacity [14] of MIMO 
systems are slightly more complicated. We defer the 
corresponding discussions to Section III. 
Some efforts on mutual coupling mitigation have been 
exerted in the digital domain to optimize MIMO precoding 
and decoding schemes [14]-[16]. The mutual coupling can 
be removed from the received voltages [14], and then the 
calibrated voltages were used to compute the weight vector 
of adaptive algorithms [17], [18]. However, the output 
signal-to-interference-noise ratio (SINR) of an adaptive 
array cannot be improved by compensating the mutual 
coupling alone in post-processing [5]. (Note that the SINR 
can be improved by reducing the relative noise or 
interference in post-processing, e.g., averaging the additive 
noise. Nevertheless, compensating the mutual coupling 
does not change the SINR.) The aforementioned techniques 
for mitigation of mutual coupling in digital domain have a 
disadvantage that system performance can be only partially 
improved. Using decoupling techniques from the antenna 
point of view to overcome the mutual coupling effects are 
more effective. The overall mutual coupling effects on the 
performance of MIMO systems can be mitigated by  
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decoupling techniques. Therefore, it is vital to develop 
decoupling techniques from the antenna point of view. 
The overall antenna effect (including the mutual coupling) 
can be mitigated by stochastic optimizations. For instances, 
the diversity gain of a multi-port antenna was improved 
using the partial swam optimization algorithms [19]; the 
MIMO capacity was improved by optimizing the MIMO 
antenna using the genetic algorithm [20], hybrid Taguchi-
genetic algorithm [21], or the galaxy-based search 
algorithm [22]. Compared with these stochastic approaches, 
there is even richer literature on deterministic techniques 
for mutual coupling reductions. For examples, decoupling 
networks [23]-[26], neutralization lines [27]-[32], ground 
plane modifications [33]-[38], frequency-selective surface 
(FSS) or metasurface walls [39]-[42], metasurface 
corrugations or electromagnetic bandgap (EBG) structures 
[43], [44], and characteristic modes [45]-[48]. It should be 
noted that, even though the mutual coupling tends to 
degrade the performance of MIMO systems, it can be 
utilized for array calibrations [52], [53].  
    Review papers on mutual coupling exist in the literature 
[54], [55]. [54] focuses literature survey on the relationship 
between impedance matrix, radiation patterns, and beam 
coupling factors (i.e., correlations) in the presence of mutual 
coupling, whereas [55] provides a comprehensive review of 
approaches that model and mitigate the mutual coupling 
effect in post-processing. This paper will give a systematic 
review of the mutual coupling effects on MIMO systems, and 
popular mutual coupling reduction techniques. The mutual 
coupling alters antenna characteristics in an array, and thus 
affects the MIMO system performance (e.g., capacity, error 
rate, and spectral regrowth). The system performance can be 
partially improved by calibrating out the mutual coupling in 
the digital domain, but the SINR cannot be improved in post-
processing by calibrating out the mutual coupling. Thus, it is 
important to mitigate the mutual coupling in the design of 
MIMO antennas,  because decoupling from the antenna point 
can improve the overall performances for MIMO systems 
and makes the whole system more simple compared with 
techniques in digital domain. Some popular decoupling 
techniques for MIMO system (especially for massive MIMO 
BS antenna) are presented. 
 
II. MUTUAL COUPLING 
Mutual Coupling describes the energy absorbed by a nearby 
antenna when one antenna is operating. The mutual 
coupling tends to alter the input impedance, reflection 
coefficients, and radiation patterns of the array elements. 
To facilitate theoretical work, some empirical model of the 
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where Cmn and dmn are the mutual coupling and distance 
between the mth and nth antenna elements, respectively, N 
is the number of array elements, and α is parameter 
controlling the coupling level. 
In practice, the mutual coupling depends not only on the 
array configuration but also on the excitations of other 
elements. It is usually quantified using the dB-valued S-
parameter between the mth and nth elements, 20log10(|Smn|), 
or equivalently the isolation -20log10(|Smn|) between them.  
Detailed mechanisms of mutual coupling depend on the 
transmitting/receiving mode. We discuss the mutual coupling 
mechanisms in the transmitting and receiving modes 
separately, following from [56]. 
A.  MUTUAL COUPLING IN THE TRANSMITTING MODE 
For simplifications, we consider two antenna elements m 
and n in an array as shown in Fig. 1. Assume a source is 
attached to element n, the generated energy of the source ① 
radiates into space ② and toward the mth element ③. Part 
of the energy received by the mth antenna rescatters into 
space ④ and the remaining travels toward the generator ⑤. 
A fraction of the rescattered energy ④ will be picked up by 
the nth element ⑥. This mutual interaction process will 
continue indefinitely. Nevertheless, it usually suffices to 
consider the first few iterations since the rescattered energy 
of each iteration reduces drastically. The total far-field is a 
vector sum of the radiated and rescattered fields. Thus, the 
mutual coupling tends to alter the antenna pattern. The 
wave ⑤ adds vectorially to the incident and reflected 
waves of the mth element itself, enhancing the standing 
wave of and, therefore, altering the input impedance of the 
mth element. Mutual coupling changes not only the mutual 
impedance but also the antenna self-impedance. 
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FIGURE 1.   Illustration of mutual coupling mechanisms in (a) 
transmitting mode and (b) receiving mode [56]. 
 
    In the transmitting mode, different ports of a multiple 
antenna system may have random phase excitations. It will 
impact both the mutual coupling and the impedance 
matching of antenna elements. Total active reflection 
coefficient (TARC) is commonly used to evaluate the 
reflection coefficient of a MIMO array with the random 
phase excitations at different element ports [83]. TARC is 
defined as the square root of the total generated power by 
all excitations minus the total radiated power, divided by 
the total generated power [83]. TARC takes into account 
impedance matching, mutual coupling and radiation 
efficiency under the random phase excitations at ports. 
Higher mutual coupling leads to worse TARC. 
B.  MUTUAL COUPLING IN THE RECEIVING MODE 
Assume that a plane wave ① impinges onto the array, 
arriving at the mth element first. It induces a current in the 
mth element first. Part of the incident wave goes into the 
receiver as ②, whereas part is rescattered into space ③. 
Some of the rescattered wave is directed toward the nth 
element ④, where it adds vectorially with the incident 
plane wave ⑤. Hence, the wave received by an element is 
the vector sum of the direct waves and the coupled waves 
from other elements. In order to maximize the received 
energy, i.e., minimize the rescattered energy, the 
terminating impedance of the mth element should be chosen 
so that the resecattered wave ③ is canceled by the reflected 
wave ⑤. 
In the receiving mode, the performance of the antenna 
element under investigation can be studied by exciting the 
element with the other element terminated with 50-ohm 
loads.  
In the next section, we show the mutual coupling effects 
on MIMO systems. 
III.  MIMO SYSTEM IN THE PRESENCE OF MUTUAL 
COUPLING 
Popular performance metrics for characterizing MIMO 
antennas are diversity gain, e.g., [51], [59], [63], [64], 
capacity, e.g., [14], [16], [50]-[66], throughput, e.g., [24], 
[67], [68], and error rate, e.g., [13], [69], [70]. Before 
studying the mutual coupling effects on MIMO systems, we 
first present a network model of the MIMO system including 
mutual coupling effects. 
A. NETWORK MODEL 
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where TZ ( RZ ), Ti ( Ri ), and Tv  
( Rv ) are impedance 
matrix, current and voltage vectors at the transmitter 
(receiver), respectively; 0  is zero matrix with proper 
dimensions, ocH  is the open-circuit MIMO channel matrix. 
It is noted that, for notation simplicity and without loss of 
generality, the additive noises is omitted for the time being, 
while it can be easily included afterwards.  
    Based on simple circuit theory, the transmit and receive 
voltage vectors can be written as 




v Z Z Z v
v Z i
 ,                   (3) 
respectively, where sv  is source voltage vector, Zs and ZL 
are source and load impedance matrices, respectively. vR 
can be expressed in terms of vT as  
1 1
( ) ( ) .R L L R
oc
T s s
− −= + +Hv Z Z Z Z Z v         (4) 





− −+ +HZ Z Z Z Z  is a voltage 
transfer function. In order to relate it to the information-
theoretic input-output relation =y Hx , (4) has to be 
properly normalized so that the received power satisfies 
{ [Re( )]} [ ( )] [ ( )]H H HL R R eff x effE tr E tr E tr= =Z i i yy H K H , 
where /x N T tt P N=K I  is covariance matrix of the transmit 
signals and { [Re( )]}
H
T T T TP E tr= Z i i . Let RL=Re{ZL} and 
RT=Re{ZT}, the effective channel can be derived as 
1/ 2 1 1/ 2( ) .ef t
c
f L L R T
oN − −= + RHH R Z Z               (5) 
The effective channel should be normalized to the average 
channel gain of a single-antenna system with antennas at 
both side conjugate matched, i.e. 
L R
z z∗=  and 
s T
z z∗= , 
where zT and zR are antenna impedance at the transmit and 
receive sides, respectively, and zL and zs are load and source 
impedances at transmit and receive sides, respectively. It is 
easy to show that the effective SISO channel is 
 









=                                (6) 
where rT = Re{zT}, rR = Re{zR} and 
2[| | ] 1E h = . Dividing 
Heff with 
2
[| | ]effE h , the normalized MIMO channel that 
includes overall antenna effect is [50] 
 1/ 2 1 1/ 22 ( )R T L L
oc
R Tr r
− −= + RHH R Z Z              (7) 
where ,1/2 ,1/2oc oc oc
R w T
=H Φ H Φ , with oc
R
Φ  and oc
R
Φ  denoting 
the open-circuit correlation matrix. 
B.   MUTUAL COUPLING ON ANTENNA 
CHARACTERISTICS 
For simplicity, we resort to the example of parallel half-
wavelength dipoles (see Fig. 2). 
The mutual impedance is defined as the ratio of the open-










= .                                    (8) 
The mutual impedance as a function of dipole separation 
(normalized by the wavelength) is shown in Fig. 3. As can 
be seen, the mutual impedance is non-negligible at small 
dipole separation yet tends to approach zero as the dipole 
separation increases. 
    The self-impedance Z11 is defined as the ratio of the 









= .                                    (9) 
An open-circuited single mode small antenna (e.g., dipole) 
is electromagnetically invisible [58]. Therefore, Z11 can be 
well approximated by the input impedance of a half-
wavelength dipole, i.e., Z11 = 73+j42.5 ohms. Since the two 
dipoles are identical, Z11 = Z22. Due to the reciprocity, Z12 = 
Z21. 
    Assume the two dipoles are located at y1=-d/2 and y2=d/2 
along the y-axis, respectively (cf. Fig. 2). When one dipole 
is open-circuited, the far-field function of the other half-
wavelength dipole can be well approximated by the isolated 
far-field function as 
 
2 cos( / 2cos )
















[ ]( , ) 0
T
ig θ φ=                                                         (10) 
 
where i =1, 2, d1=-d, d2=d, 2k π λ= , 4kC jk π= − , the 
superscript 
T
 denotes transpose, and η  is free space wave 
impedance. When one dipole is terminated with a load ZL, 
the far-field function of the other dipole is [59] 
 
 
FIGURE 2.  Illustration of parallel dipoles and their equivalent circuit. 
 
 
FIGURE 3.  The mutual impedance of parallel half-wavelength dipoles 
as a function of dipole separation [57]. 
 
( ) ( ), 1 1mod 2 mod 2
( , ) ( , ) ( , )emb i i i i iI Iθ φ θ φ θ φ+ += +g g g ,        (11) 
where mod2 is the modulo operator with 2 as the divisor. 
From the equivalent circuit (cf. Fig. 2), when the excitation 
current at port 1 is unity, i.e., I1=1, the induced current at 
port 2 is I2=-Z12/(Z22+ ZL). Equation (11) is referred to as 
embedded far field function [59]. 
    To show the mutual coupling effect on antenna patterns, 
we plot the antenna pattern of an isolated dipole, the 
embedded antenna patterns of parallel dipoles with quarter-
wavelength separation in Fig. 4. As can be seen, the 
antenna pattern of an isolated dipole is omni-directional and 
the parallel dipoles tend to radiate outwards by virtual of 
the mutual coupling. It is evident that the mutual coupling 
alters the antenna pattern. 
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(a) 
     
(b)                                             (c) 
FIGURE 4.   Antenna patterns: (a) isolated antenna pattern; (b) 
embedded antenna pattern of the left dipole; (c) embedded antenna 
pattern of the right dipole. Dipole separation is quarter-wavelength. 
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(12) 
where the superscript 
H
 denotes Hermitian, Ω is the solid 
angle of arrival, and Pa is the dyadic power angular 
spectrum of the incident waves. When the angular spectrum 
is unknown a priori, the isotropic scattering condition, i.e., 
Pa(Ω) = I, is usually assumed.  
    Another way to calculate the correlation is to use the self 
and mutual impedances explicitly. The received voltages in 
the presence of mutual coupling can be expressed as 
1
L L[ ] oc
−= +v Z Z Z v                            (13) 
where 1 2[ ]
oc oc T
oc v v=v  and 1 2[ ]
Tv v=v  are open-circuit 
voltages and voltages with mutual coupling, respectively, 
ZL is a diagonal matrix whose diagonal entries are the 
identical load impedance ZL, and Z is the impedance matrix 
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                       (14) 
where α  and β  are the corresponding entries of the 
coupling matrix 1L L[ ]
−+Z Z Z  and the far-field function 
2 1( , ) ( , ) exp( cos )g g jkdθ φ θ φ φ= . The correlation with 
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α β ρ αβ α β ρ+ ℑ + ℜ + − ℑ
=   
(15) 
where the superscript * represents complex conjugate and E 
denotes expectation. The terms in the denominator of (15) 
can be expressed as 
2 2 2 * *
1
2 2 2 * *
2
[| | ] | | | | 2 { } { } 2 { } { }





α β ρ αβ ρ αβ
α β ρ αβ ρ αβ
= + + ℜ ℜ + ℑ ℑ
= + + ℜ ℜ − ℑ ℑ
 
(16) 
where ℜ  and ℑ  denote the real and imaginary parts of 
their arguments, respectively, and the open-circuit 
correlation ocρ  (i.e., the correlation without mutual 
coupling) can be calculated by replacing the embedded 
patterns with the corresponding isolated patterns. 
 
FIGURE 5.  Correlations as a function of dipole separation. 
 
    Figure 5 shows the correlation has a function of dipole 
separation. The case without mutual coupling (open-circuit 
correlation) is plotted in the same figure as a reference. As 
can be seen, the correlation with the mutual coupling is 
smaller than that without mutual coupling. This is because 
the mutual coupling tends to make the two dipoles radiate 
in opposite directions (cf. Fig. 4). It can also be seen that 
the correlations calculated using (12) and (15) are identical. 
It should be noted, however, that “without mutual 
coupling” is just a theoretical reference case and the mutual 
coupling exists ubiquitously in compact MIMO antennas in 
practice. Comparing Figs. 3 and 5, it can be found that the 
mutual coupling (mutual impedance) tends to increase as 
the dipoles become closer (cf. Fig. 3) and that the 
correlation also tends to increase as the dipoles become 
closer (cf. Fig. 5). Hence, one may conclude that the mutual 
coupling tends to increase the correlation. However, when 
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“without mutual coupling” is used as the reference, it can 
be seen from Fig. 5 that the mutual coupling tends to reduce 
the correlation (at certain separations). The seemingly 
contradicting conclusions are due to the fact that different 
references are used. They are just two interpretations of the 
same phenomenon. 
    Since no ohmic loss is assumed in the dipoles, the energy 
degradation due to the mutual coupling can be 
characterized by the total embedded radiation efficiency 
2 2
11 211 | | | |embe S S= − −                            (17) 
where the S-parameters can be readily converted from the 
impedance parameters. Equation (11) takes into account of 
the mismatch and coupling caused by the mutual coupling. 
Figure 6 shows total embedded radiation efficiency (with 
and without mutual coupling) as a function of dipole 
separation. When the mutual coupling is not considered, 
(17) boils down to the mismatch efficiency 
2
111 | |S− (which 
is independent of the dipole separation). As can be seen, as 
the dipoles become closer, the total embedded radiation 
efficiency degrades. 
 
FIGURE 6.  Total embedded radiation efficiency as a function of dipole 
separation. 
 
    It can be seen from Fig. 6 that the mutual coupling tends to 
reduce the total embedded radiation efficiency and, therefore, 
the channel gain, which degrades the performance of the 
MIMO system. On the other hand, Figs. 4 and 5 show that, 
by making the antenna pattern more orthogonal, the mutual 
coupling tends to reduce the antenna correlation as compared 
with the theoretical case when the mutual coupling is not 
considered. A reduction of the correlation implies an increase 
of the degree of freedom  and a decrease of the condition 
number [61], which helps improve the performance of the 
MIMO system. As a result, the mutual coupling effect on 
MIMO system is not that straightforward. We resort to 
simulations to investigate the overall impact of mutual 
coupling on MIMO systems in the sequel. 
C.  DIVERSITY GAIN IN THE PRESENCE OF MUTUAL 
COUPLING 
For simplicity, we first assume isotropic scattering 
environments and the parallel dipoles as diversity antenna 
[59].  
The effective diversity gain is defined as the signal-to-noise 
ratio (SNR) improvement of a diversity gain with respect to 















=                                 (18) 
where γ is the SNR, (·)
-1
 denotes functional inversion, F is 
the cumulative distribution function (CDF) of the output 
SNR of the diversity antenna, ( ) 1 exp( )
ideal
F γ γ= − −  is the 
CDF of the output SNR of the ideal single-port antenna in 
the Rayleigh fading environment, and the subscript 1% 
implies that the diversity gain is obtained at 1% CDF level. 
Assuming maximum ratio combining (MRC), the CDF F in 
(18) is  
1 1 2 2
1 2
exp( / ) exp( / )
( ) 1 .F






          (19) 
where ( )1 1embeξ ρ= +  and ( )2 1embeξ ρ= −  [71]. The 
diversity gain can be improved by reducing the correlation 
and increasing the embedded radiation efficiency. 
Figure 7 shows the MRC diversity gain of the two 
parallel dipoles with and without mutual coupling as a 
function of dipole separation. As can be seen, the diversity 
gain with mutual coupling is overall lower than that without 
mutual coupling except at certain dipole separations 
(0.05~0.13λ). As mentioned before, the mutual coupling 
tends to reduce the correlation (as compared with the open-
circuit case) and reduce the embedded radiation efficiency. 
The efficiency degradation is more profound than the 
correlation improvement, except at certain small dipole 
separations (0.05~0.13λ). 
 
FIGURE 7.  Effective diversity gain as a function of dipole separation. 
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D.   CHANNEL CAPACITY IN THE PRESENCE OF 
MUTUAL COUPLING 
It was claimed that the mutual coupling improves the 
MIMO capacity (as compared with the open-circuit case) 
[65]. However, the efficiency degradation due to mutual 
coupling was overlooked in [65]. Taking both correlation 
and efficiency into account, a similar conclusion can be 
drawn for the MIMO capacity and error rate performance 
[70], i.e., the mutual coupling tends to degrade the MIMO 





FIGURE 8.  Four-port broadband MIMO antenna: (a) array configuration; 




 |S12| |S13| |S14| |S23| |S24| |S34|   (dB) 
0.7 GHz -17.0 -28.6 -17.1 -17.0 -28.7 -16.9 
1.7 GHz -27.2 -26.7 -27.0 -27.1 -26.7 -27.1 
2.7 GHz -22.1 -31.6 -22.1 -22.0 -31.6 -22.0 
 
TABLE II 
CORRELATION COEFFICIENTS IN ISOTROPIC SCATTERING ENVIRONMENT [72] 
 |ρ12| |ρ13| |ρ14| |ρ23| |ρ24| |ρ34| 
0.7 GHz 0.16 0.07 0.11 0.13 0.06 0.17 
1.7 GHz 0.01 0.05 0.01 0.01 0.04 0.01 
2.7 GHz 0.07 0.04 0.08 0.06 0.03 0.06 
 
So far we have been assuming parallel dipoles. Now we 
consider a four-port broadband MIMO antenna (see Fig. 8) 
[72]. The antenna covers the frequency band of 698-2700 
MHz. Its coupling coefficients are shown in Table I. As can 
be seen, the MIMO antenna has higher coupling in the low 
frequency. 
In order to evaluate the performance of the broadband 
MIMO antenna alone, we assume two uncorrelated transmit 
antennas and the broadband MIMO antenna as receive 
antennas. We further assume that the receiver has perfect 
channel state information (CSI) whereas the transmitter 






γ    
= +   
    
I HH             (20) 
where H is the (random) 4×2 MIMO channel matrix, I is a 
4×4 identity matrix, and  
0
γ  denotes the reference SNR.  
For simplicity, we first assume isotropic scattering 
environments. The MIMO channel, in this case, can then be 
expressed as [50] 
1/2
w=H R H ,                            (21) 
where Hw denotes the spatially white MIMO channel with 
independent and identically distributed (i.i.d.) complex 






H ) and 
1/ 2R  is the Hermitian square 
root of the correlation matrix R of the broadband MIMO 
antenna. The correlation matrix is given as [73], [74] 
( )( ) ( ) Tdiag diag= =R e Φ e e e Φ ,        (22) 
where Φ consists of the correlation coefficients (cf. Table II) 
calculated using (5), e denoting a column vector consisting 
the antenna efficiencies at the four antenna ports,   denotes 
entry-wise product, and  denotes the entry-wise square 
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γ    
= +   
    
I RH H .                  (23) 
Figure 9 shows the simulated MIMO capacities of the 
MIMO antenna at different frequencies calculated using 
100000 channel realizations in an isotropic scattering 
environment. As a reference, the ideal case with i.i.d. 
MIMO channel is also plotted in the same figure. As can be 
seen, the capacities at different frequencies overlap with 
each other and that the proposed MIMO antenna incurs 
little impairment on the MIMO capacity in the isotropic 
scattering environment.  
The isotropic scattering environment is a special extreme 
scenario. In order to evaluate the MIMO capacity in a more 
representative multipath environment, we resort to the 
WINNER+ channel model [75]. The WINNER+ model is a 
geometry-based stochastic channel model [76], [77], which 
has been validated and calibrated by extensive 
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measurements for different scenarios. The indoor hotspot 
scenario is chosen here. For simplicity, we assume the 
transmitter is equipped with orthogonal polarized half-
wavelength dipoles so that the transmitting antennas are 
uncorrelated. For channel simulations, the antenna patterns 
are first imported into the model; for each drop (realization), 
10 random clusters (paths) with different path gains, delays, 
and mean angles with respect to (w.r.t.) the antennas are 
generated; each cluster is further modeled by 20 sub-
clusters with different sub-angle but indistinguishable 
delays. In total, 10000 channel realizations are generated. 













FIGURE 9.  Simulated MIMO capacities of the MIMO antenna at different 
frequencies in isotropic scattering environment [72]. 













FIGURE 10.   Simulated MIMO capacities of the MIMO antenna at 
different frequencies in WINNER indoor hotspot scenario [72]. 
 
    Figure 10 shows the simulated MIMO capacities in the 
indoor hotspot scenario. As in the isotropic scattering 
environment, the MIMO capacities at 0.7, 1.7 and 2.7 GHz 
overlap. Nevertheless, there is noticeable capacity 
degradation as compared to the ideal case (with i.i.d. 
MIMO channel). This degradation is due to increased 
correlation and power imbalance in the indoor hotspot 
scenario [78]. The transmit antennas have negligible 
correlation thanks to the orthogonal dipoles. Yet the 
correlations at the broadband MIMO antenna increase due 
to the non-uniform angular distribution. (The maximum 
angular spread is 63°[79] at the broadband MIMO antenna.) 
The highest correlation magnitude becomes 0.33. It is 
shown that small correlation of 0.3 can still incur a 
noticeable degradation of the MIMO capacity when the 
number of antenna elements exceeds three [80]. The 
maximum cross polarization discrimination (XPD) in the 
WINNER indoor hotspot scenario is around 10 dB [79]. 
Since the broadband MIMO antenna is dual-polarized (cf. 
Fig. 8), actual power imbalance according to the 
simulations is below 2.5 dB (which can result in 1.5-dB 
capacity degradation [73]). 
    Given the fact that the mutual coupling at 0.7, 1.7, and 2.7 
GHz is about -17, -27, and -22 dB, respectively, and that the 
MIMO capacities are about the same at these frequencies, it 
is evident that mutual coupling below -17 dB has negligible 
impact on the MIMO capacity. There seems no point of 
further improving the mutual coupling below -17 dB. 
E.   ERROR RATE IN THE PRESENCE OF MUTUAL 
COUPLING 
    A myth about mutual coupling on the error rate 
performance is that the high modulation (e.g., 256-QAM) 
transmission require about an SNR of about 30 dB in 
additive white Gaussian noise (AWGN) channel and, 
therefore, the mutual coupling should be below -30 dB.  
 
FIGURE 11.  SER performance of a 2×2 MIMO-OFDM system under 
different mutual coupling. 
 
    In MIMO spatial multiplexing (i.e., transmission of 
multiple data streams simultaneously over the same 
bandwidth), the received signal at each antenna port is a 
mixture of all the transmitted signals by virtual of multipath 
propagation as well as mutual coupling, i.e., the mutual 
coupling is part of the MIMO channel. MIMO decoders are 
usually used to decouple composite MIMO channel (i.e., not 
only the propagation channels but also the mutual coupling). 
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To demonstrate this, we assume a 2×2 MIMO system with 
uncorrelated transmit antennas and parallel dipoles as receive 
antennas in a multi-tap Rayleigh fading channel with a 
channel length of 60. The orthogonal frequency division 
multiplexing (OFDM) with 1024 subcarriers is used to 
mitigate the delay spread of the propagation channel. The 
subcarriers are loaded with 256-QAM symbols. For 
simplicity and to focus on the mutual coupling effect, we set 
the cyclic prefix (CP) of the OFDM to be 64 (i.e., longer than 
the channel length) and assume the MIMO channel can be 
estimated perfectly. (In practice, the channel can be 
accurately estimated using the preamble.) Figure 11 shows 
the symbol error rate (SER) performance of the MIMO-
OFDM system under different mutual coupling levels. (Note 
that, by convention, the SNR in the error rate plot is defined 
as the ratio of the transmit signal power to the noise power. 
In simulations, different SNRs were emulated by varying the 
noise power.) As can be seen, the 256-QAM symbol can be 
detected at the high mutual coupling. As we improve the 
mutual coupling from -6 to -12 dB (by increasing the antenna 
separation), the SER performance improve by 3 dB 
approximately. Improving the mutual coupling from -12 to -
15 dB results in only marginal improvement of the SER 
performance and there is little SER improvement by 
improving mutual coupling further. Therefore, -15 dB mutual 
coupling is sufficient for MIMO transmission from the error 
rate point of view. 
F.   SPECTRAL REGROWTH IN THE PRESENCE OF 
MUTUAL COUPLING AND PA NONLINEARITY 
Apart from degradation of diversity gain, capacity, error 
rate performance of MIMO systems, the mutual coupling 
together with PA nonlinearity also results in spectral 
regrowth, i.e., an increase of out-of-band (OOB) emission 
[12], [81].  
 
 
FIGURE 12.  Illustration of a MIMO transmitter with PAs [12]. 
 
    Figure 12 is an illustration of a MIMO transmitter with N 
branches and a PA per branch. The incident wave to the PA 
in the ith branch is denoted as a1,i. The output wave of the 
PA b2,i feeds into the ith antenna element. The impedance 
mismatch between the PA and the antenna element and the 
mutual coupling between antenna elements result in a 
reflected wave a2,i back to the output of the PA in the ith 
branch. The dual-input nonlinear dynamic model of the 
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m mγ  are modeling parameters to 
be extracted from measurements. The total far-field 
function of the MIMO transmitter is  
2,
1




bθ φ θ φ
=
=∑g g .                   (25) 
An illustration of the effects of mutual coupling and PA 
nonlinearity on OOB emission (or spectral regrowth) is 
shown in Fig. 13. As the mutual coupling increases (i.e., 
isolation decreases), the OOB emission increases. To 
quantify the OOB emission, the adjacent channel power 
ratio (ACPR), i.e., the ratio between the total leakage power 
to adjacent channels to the in-band power. 
 
FIGURE 13.  Illustration of spectral regrowth due to mutual coupling 
and PA nonlinearity. 
     
TABLE III  
SPECTRAL REGROWTH DUE TO MUTUAL COUPLING AND PA NONLINEARITY 
[12] 
Antenna separation mutual coupling ACPR 
0.36 λ  -14.0 dB -46.4 dBc 
0.44 λ -20.9 dB -52.3 dBc 
0.59 λ -28.4 dB -57.4 dBc 
 
The authors in [12] demonstrate the effects of mutual 
coupling and PA nonlinearity on spectral regrowth by 
varying the separation between two path antennas (i.e., the 
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mutual coupling level) and measuring the power spectral 
density (PSD) of the MIMO transmitter with two identical 
PAs (CGH40006S-TB) at 2. 14 GHz. (The PA has 65% 
efficiency and third order intermodulation distortion of 
about -40 dBc with an input power of 32 dBm.) The results 
are summarized in Table III. Even though there are only 
marginal improvements on capacity and error rate 
performances by improving the mutual coupling below -15 
dB, further improvement of the mutual coupling below -15 
dB can effectively reduce the OOB emission and, therefore, 
reduce the interference to the adjacent channel. 
    Note that, in addition to spectral regrowth, the PA 
nonlinearity also causes in-band distortion with and without 
mutual coupling. The distorted signal can be decomposed 
into pure signal and perturbation. The latter can be regarded 
as an additional source of noise [82]. Hence, the PA 
nonlinearity also degrades the error rate performance. 
IV.  MUTUAL COUPLING REDUCTION 
In this section, we discuss mutual coupling reduction 
(decoupling) techniques for MIMO antennas, with a special 
focus on decoupling techniques for massive MIMO antennas 
for base stations. 
A.  VARIOUS DECOUPLING TECHNIQUES 
    There are many decoupling techniques to reduce the 
mutual coupling in the literature. For examples, decoupling 
networks [23]-[26], neutralization lines [27]-[32], ground 
plane modifications [33]-[38], frequency-selective surface 
(FSS) or metasurface walls [39]-[42], metasurface 
corrugations or electromagnetic bandgap (EBG) structures 
[43], [44], and characteristic modes [45]-[48].  
For an N-port antenna system, the complexity of the 
required 2N-port tunable matching network becomes 
prohibitive as N increases. It is found that the perfect 
conjugate multiport impedance matching network is limited 
to narrow bandwidth [23] and is usually not achievable in 
practice [16]. A coupled resonator network was proposed in 
[24] to achieve broadband decoupling and matching for two 
non-directive antennas. Nevertheless, the coupled resonator 
network is mainly confined to two-port antennas.  
    Neutralization lines can be regarded as special 
decoupling networks, which cancel the coupling by 
introducing a second path with equal amplitude and 
opposite phase. As a result, most of the proposed 
neutralization lines in the literature are narrowband. A 
broadband neutralization line consisting of a circular disc 
and two strips was proposed in [32]. The circular disc 
enables multiple decoupling current paths with different 
lengths to cancel coupling currents on the ground plane at 
different frequencies. Nevertheless, the neutralization line 
is more suitable for the MIMO system with a small number 
of antenna elements, and is difficult to be excited for 700 
MHz LTE handset MIMO arrays.  
    Various ground plane modifications provide band-stop 
filtering characteristics. Yet they are dedicated to specific 
antennas. A common approach is to make a slot in the 
ground plane in between the antennas. The slot can reduce 
the mutual coupling, yet may also increase the back 
radiation, e.g., [34]. 
    Metasurface walls can effectively reduce the mutual 
coupling. Yet it is incompatible with low-profile antennas. 
Moreover, the metasurface wall can also affect the radiation 
pattern [39].  
    Most of the above works on handset MIMO antennas 
(except for [27], [28]) focus on the upper band. Decoupling 
for handset MIMO antennas in low-frequency bands is very 
challenging [84]. At low frequencies, the chassis does not 
only function as a ground plane, but also as a radiator 
shared by the multiple antenna elements. As result, 
isolation of MIMO antennas in compact terminals is 
typically less than 6 dB for frequencies below 1 GHz [51]. 
To avoid simultaneous excitation of the shared chassis by a 
two-port MIMO antenna, the position of the second antenna 
element can be moved to the middle of the chassis to 
efficiently reduce the chassis mode excitation [45]. 
Specifically, high isolation can be achieved by locating one 
electrical antenna (i.e., an antenna whose near-field are 
dominated by the electric field) along the short edge and the 
magnetic antenna (i.e., an antenna whose near-field are 
dominated by the magnetic field) at the opposite short 
edges [46]. In practice, it may not be possible to freely 
locate an antenna element, e.g., to the middle of the mobile 
chassis. And the antenna element that does not excite the 
chassis is usually band limited. To solve this problem, the 
metallic bezel of the mobile phone can be utilized for 
another feasible characteristic mode [47]. Nevertheless, the 
characteristic mode theory is more suitable for analyzing 
handset MIMO antennas. 
Almost all of the above-mentioned works deal with 
handset MIMO antennas with a few antenna ports. Only a 
few studies have been carried out to tackle the mutual 
coupling problems for massive MIMO antennas for base 
stations. In the next subsection, we present some of the recent 
decoupling techniques for massive MIMO antennas. 
B.  DECOUPLING FOR MASSIVE MIMO ANTENNAS 
    Massive MIMO is the extension of the conventional 
MIMO technology, which exploits the directivity of a 
MIMO array with a large element number as one more 
dimension of freedom. Massive MIMO is also one of the 
key technologies for the 5G communication system, which 
is mainly utilized for base stations. In this subsection, we 
focus on the review of recent mutual coupling reduction 
methods in massive MIMO base station antennas, which 
has seldom been summarized before. Please note that the 
decoupling techniques in massive MIMO antennas have not 
been developed for many years. It is very challenging and 
literature on this topic is still very limited until now. In a 
massive MIMO base station antenna system, the mutual 
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coupling between antenna elements has to be lower than -
30 dB according to the thumb of rules in the industry. 
 
                                   (a)                                                          (b) 
FIGURE 14.  Broadband massive MIMO in [88]: (a) different gap-source 
combinations for four antenna ports, and (b) prototype with 121 





FIGURE 15.  Metamaterial-based thin planar lens massive MIMO in [89]: 
(a) the lens with seven-element feed array, and (b) prototype of the lens 
and seven-element feed array. 
 
An early investigation of massive MIMO antenna 
designs was carried out from 2015 in [85]. The authors in 
[85] develop a canonical two-port antenna that can be 
repeated and concatenated together to construct MIMO 
antenna arrays with arbitrary even numbers. The two-port 
antenna consists of two compact folded slots as the MIMO 
elements, and a parasitic element for decoupling. 
Furthermore, the coupling between the neighboring 
canonical elements (or two-port antennas) can also be 
reduced by properly designing the decoupling parasitic 
elements. A 20-port MIMO antenna has been proposed as 
one example. However, the massive MIMO array has the 
isolation between elements better than 10 dB instead of 30 
dB. The total efficiency of each element is only around 
30% within the operating bands and the elements have 
single polarization. All of these drawbacks limit the 
application of this design in practice. A dual polarized 
stacked patch antenna has been introduced in [86] with high 
gain and low mutual coupling between the two polarization 
ports. Several stacked patches are printed on a ring-shaped 
ground plane so that each patch points in a different 
direction. Three rings of stacked patches are placed upon 
each other to form a 3D structure. There are 144 ports in 
total in this massive MIMO array. As all the patches are 
pointing in different directions., the stacked patches have 
low mutual coupling and the isolation between elements are 
higher than 35 dB within the target bands. Dual slant 
polarized cavity-backed antennas have been applied to form 
a massive MIMO array in [87] with a 2D structure. 
However, the mutual coupling in this designed is 
suppressed well and the isolation is only better than 13 dB. 
In [88], four different characteristic modes can be excited 
on each antenna element by four ports. Since different 
characteristic modes are orthogonal to each other, four ports 
have low mutual coupling. In 14 (a), each mode requires a 
gap-source combination in order to efficiently excite, and 
different gap-source combinations for four antenna ports 
are illustrated. 121 elements are placed on one big ground 
plane, as shown in Fig. 14 (b). The element distance is 
about 0.58 wavelength, so the isolation between elements is 
high.  Since each element has four ports, there are 484 ports 
in total in the final prototype. The mutual coupling between 





FIGURE 16.  Massive MIMO with decoupling surface in [90]: (a) sketch 
of the decoupling surface, and (b) prototype of a MIMO array with 
decoupling surface. 
 
Using metamaterial-based thin planar lens is considered 
as a low-cost and efficient way to realize massive MIMO 
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arrays [89]. As illustrated in Fig. 15 (a), different element 
feeds can be placed close to the focal arc of the 
metamaterial-based thin planar lens. The quasi-spherical 
wave (low gain) from different-element feeds will be 
transformed into quasi-plane wave (high gain) pointing in 
different directions. Only by switching between the element 
feeds, the beam can steer with high gain. The prototype of 
this antenna is given in Fig. 15 (b). The mutual coupling 
between the seven element feeds is lower than -30 dB. 
However, in Fig. 15 (b), it can also find that a distance 
between the meta-lens and element feeds are required, and 
this distance is large. Some more researches should be 
carried out to reduce lens-feed distance in order to realize 
the very compact configuration. 
Very recently, a so-called array-antenna decoupling 
surface (ADS) has been proposed for massive MIMO 
antennas [90]. The ADS is a thin substrate layer consisting of 
small metal patches and placed above the MIMO antenna. By 
carefully designing the metal patches, the partially diffracted 
waves from the ADS can be controlled to cancel the 
unwanted coupled waves and the antenna pattern distortion 
can be kept at an acceptable level, as demonstrated in Fig. 16 
(a). Fig. 16 (b) shows the prototype. This method is very 
promising and feasible to be applied to different types of 
antennas. The measured mutual coupling is lower than -30 
dB with a small inter-element distance. However, the 
decoupling method in [90] is only applied for a 2 by 2 array. 
It can be expected that the patch patterns on ADS will be 
very complicated if the array number increases. 
V. CONCLUSION 
In this review paper, we shows the mutual coupling effects 
on the characteristics of MIMO antennas. It is shown that the 
mutual coupling changes the self- and mutual-impedances of 
the array antenna and, therefore, affects the antenna 
mismatches and embedded radiation efficiencies. The 
radiation patterns are altered in the presence of mutual 
coupling. For a two-port antenna, the mutual coupling tends 
to make the antenna patterns orthogonal to each other (i.e., 
the two antenna elements tend to radiate in opposite 
directions). As a result, correlations are also affected by the 
mutual coupling. Therefore two common interpretations of 
this effect. Comparing correlations with and without mutual 
coupling effects, it is shown that the correlation with mutual 
coupling effect is lower than that when the mutual coupling 
effect is ignored. Hence, one can claim that the mutual 
coupling tends to reduce the correlation. On the other hand, it 
is shown that, when the mutual coupling effect is taken into 
account, the correlation tends to reduce as the antenna 
separation decreases. As the mutual coupling effect becomes 
stronger at small antenna separation, others may also claim 
the mutual coupling increases the correlation. These two 
seemly contradicting claims are just two aspects of the same 
physical phenomenon. It is shown that mutual coupling 
below -10 dB has negligible effect on the capacity or error 
rate performance of the MIMO system. Nevertheless, when 
considering the PA nonlinearity, the OOB emission can be 
reduced by reducing the mutual coupling (even for mutual 
coupling below -28 dB). The mutual coupling effects can be 
partially mitigated in post processing by calibrating the 
mutual coupling from the received voltage. However, the 
SINR cannot be improved by post processing. In order to 
achieve the optimal performance, the mutual coupling has to 
be mitigated in the design of the array antenna. Many mutual 
coupling reduction techniques have been proposed in the 
literature. However, most of them are limited to two-port 
antennas. This paper presents several promising mutual 
coupling reduction techniques for massive MIMO antennas 
at base stations in the end. 
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